The potential of adeno-associated virus (AAV)-based vectors in human gene therapy is being explored for several diseases. Although sustained transgene expression and low vector-associated cellular immunity are attractive features of recombinant (r) AAV, the wider application of rAAV vectors encapsidated in serotype 2 capsid is hampered by poor transduction efficiency in many target tissues. These include ex vivo-generated dendritic cells (DC), which have demonstrated promising immunotherapeutic activity. We report here that efficient transduction of mouse bone marrow-derived DC can be achieved with self-complementary (sc) rAAV encapsidated in serotype 6 capsid. Sequential exposure of DC precursor cultures to IL-4 and GM-CSF with sc rAAV6 encoding the human tumor antigen, carcinoembryonic antigen (CEA), for 7 days followed by activation with CpG oligodeoxynucleotides (ODN) and anti-mouse CD40 antibody resulted in highly efficient transduction of DC. DC surface markers as determined by flow cytometry analysis of sc rAAV6-transduced DC were comparable to nontransduced DC. Efficiency of vector transduction and transgene expression were confirmed by immunostaining and real-time PCR. Microarray analysis of RNA from CpG ODN and CD40 antibody stimulated sc AAV6-transduced DC revealed upregulation of transcription factors and cytokines involved in immune activation and downregulation of inhibitory factors, suggesting a possible role of transcriptional activation in the observed effect. The adoptive transfer into syngeneic mice of the ex vivo-transduced and activated DC resulted in the development of CEA-specific antibody and T-helper 1-associated immune responses. Immunized mice also developed antibody to AAV6 capsid protein, which did not crossreact with AAV2 capsid protein. These studies demonstrate the potential utility of sc rAAV serotype 6-based vectors in transduction of DC for genetic vaccination approaches.
Introduction
Adeno-associated virus (AAV) is emerging as a potential alternative vector for human gene therapy. [1] [2] [3] Based on its unique features including stable transgene expression and low vector-specific cellular immune responses, initial studies on preclinical validation of recombinant (r) AAV have focused on its utility to correct monogenic defects. [4] [5] [6] However, recent reports have indicated the potential of rAAV for nongenetic disorders including infectious diseases and cancer. [7] [8] [9] [10] Potential advantages of AAV as vector for genetic immunotherapy are sustained transgene expression and absence of vector genes encoding viral structural proteins thereby minimizing antigenic competition. Most of the current understanding of the potential for rAAV in gene therapy is based upon studies with AAV serotype 2-based vectors. One type of target cells refractory for AAV serotype 2 transduction, however, is dendritic cells (DC).
DC play a key role in initiating and controlling immune responses. In addition to being the most potent antigen-presenting cells (APC), DC determine the type and magnitude of immune responses and provide a link between innate and acquired immunity. 11 Genetic manipulation of DC offers greater potential for the development of immune-regulatory strategies for purposes ranging from active immunization to tolerance induction. The capacity of DC modified to express antigens, cytokines or T-cell costimulatory molecules to induce T-helper 1 and 2 (Th1/Th2)-biased immune responses has provoked considerable interest in utilizing these cells for therapeutic applications. Our previous studies of human peripheral blood monocyte-derived DC indicated varying efficiency of AAV2 transduction. 12 Other preclinical studies of the application of rAAV to DC-based immunotherapies have also been limited by poor transduction efficiency of DC by serotype 2 vectors. [13] [14] [15] Alternate serotype vectors with different host cell receptor specificity have increased the repertoire of AAV available for gene therapy applications. [16] [17] [18] [19] With the goal of developing DC-based preclinical ex vivo immunotherapy approaches, we tested the ability of rAAV encapsidated in serotype 6 capsids to transduce murine bone marrow-derived DC during different stages of DC differentiation and maturation in vitro. Conventionally, rAAV genome is packaged as a single-stranded molecule. A rate-limiting step for the expression of transgene is the synthesis of a transcriptionally active doublestranded DNA, which requires host-cell factors. rAAV containing self-complementary (sc), that is, doublestranded genome, which is packaged as a doublestranded structure, bypasses the rate-limiting step of second-strand synthesis. 20, 21 Our results indicate that efficient transduction of murine DC with the human tumor antigen, carcinoembryonic antigen (CEA), could be accomplished with sc rAAV6. Furthermore, activation of cultured DC with immunostimulatory CpG oligodeoxynucleotides (ODN) and agonist CD40 antibody greatly enhanced transgene expression. Adoptive transfer of these DC transduced and activated ex vivo stimulated humoral and cellular immune responses in vivo and confirmed the potential of sc rAAV6 vectors for immunotherapy applications.
Results

Repeated exposure of DC to sc rAAV6 improves transduction efficiency and does not alter DC phenotype
To determine if mouse bone marrow-derived DC can be transduced with alternate AAV serotype capsids, we first established the transduction efficiency of rAAV expressing beta-galactosidase (b-Gal) encapsidated in serotype 1, 2, 3, 4, 5 and 6 capsids. Mouse bone marrow-derived cells were transduced with rAAV-b-Gal on days 2 and 4 of culture with IL-4 and GM-CSF. Results indicated that transduction efficiency of the rAAV6 serotype vector was significantly higher than that of rAAV2, based on transgene expression (Figure 1) . b-Gal expression in DC transduced with AAV serotypes 3, 4 and 5 was insignificant. Transduction efficiency of AAV serotype 1 was higher than AAV2 but lesser than AAV6 (data not shown). Based on these results, we constructed and validated rAAV containing human CEA cDNA either as single-stranded genome (ss) or as self-complementary double-stranded genome (sc) packaged in serotype 6 AAV capsid (Figure 2 ). For generating sc AAV with CEA, we cloned a short version of CEA, CEA70, derived from the MC38-CEA-2 cell line, which contains a spontaneously arising deletion within the homologous internal repeat domains of CEA. 22 In the next set of experiments, we sought to determine if repeated transduction of mouse DC cultures by sc rAAV6-CEA on days 2, 4 and 7 of in vitro culture would improve transduction efficiency. Higher levels of transduction were achieved with sc rAAV6 when compared to ss rAAV6 (Figure 3) . Further, transduction efficiency was significantly improved when rAAV6-CEA was transduced sequentially on days 2, 4 and 7 of DC culture. Multiple infections with rAAV6-CEA did not alter DC viability. The untransduced and sc rAAV6-transduced DC cultures were also analyzed by flow cytometry to determine if repeated transduction of mouse DC cultures by rAAV6-CEA would alter DC development. As shown in Figure 4 , there was no significant difference in the expression of the marker CD11c or the adhesion molecule CD54, or the costimulatory molecules CD80 Figure 1 Transduction of mouse bone marrow-derived DC with rAAV-b-Gal encapsidated in serotype 2 and 6 capsids. Mouse DC precursors were transduced with rAAV at an MOI of 1000 on days 2 and 4 of culture. Transgene expression was determined on day 8 by the addition of 150 mg/ml X-gal directly into the culture medium. Organization of rAAV6 encoding human CEA either as single-stranded (ss) or self-complementary (sc) genome. The sc rAAV6-CEA was generated by removing the 5 0 TRS and 'D' sequences whereas the conventional ss AAV6-CEA was generated with both TRS and 'D' sequences.
sc rAAV6 in transduction of DC WA Aldrich et al and CD86, among the untransduced and transduced DC cultures.
As an additional measure of sc rAAV6 transduction of mouse DC, we performed real-time PCR analysis with total DNA of transduced cells to quantify the vector genome using AAV6-CEA-specific primers. Vector copy was normalized to the copy number of cellular GAPDH gene. Results shown in Figure 5 indicate approximately 464 copies of rAAV6 per DC on day 9 of culture, transduced three times with sc rAAV6-CEA earlier. It is possible that transduction of rAAV6 may not have occurred in all DC, and also that not all copies of vector genome may be transcriptionally active. Nonetheless, the presence of vector sequences in mouse DC clearly indicated that the cells are transducible by AAV serotype 6 capsids. The copy number of vector genome between sc and ss rAAV transduction did not show significant variation (data not shown).
CEA transgene expression in DC following sc rAAV6 transduction increases upon maturation with CpG ODN and CD40 agonist antibody DC must be activated/matured for optimal antigen presentation. Activation of DC, which is accompanied by upregulation of several cell surface molecules, can be achieved by various stimuli. Activation of DC through the CD40 pathway or toll-like receptor (TLR) pathway leads to the upregulation of intracellular factors that play a key role in transcriptional activation including the NFkB and AP-1. Therefore, we determined whether induction of DC maturation by CpG ODN and CD40 antibody following multiple transduction with rAAV6-CEA would enhance transgene expression. Mouse DC were grown in culture with IL-4 and GM-CSF for 8 days and transduced with ss or sc rAAV6-CEA on days 2, 4 and 7, or only on day 7. Maturation was induced with 1 mg/ml CpG ODN and 1 mg/ml anti-mouse CD40 antibody. Replicate cultures were maintained without the addition of CpG ODN and CD40 antibody. DC were harvested 24 h later and stained with the human CEA antibody COL-1. Results ( Figure 3) show that CEA protein expression was dramatically increased following CD40 antibody plus CpG ODN treatment in the DC transduced multiple times with sc rAAV6. Although there was an observable increase in CEA-positive cells when the cells were transduced only once (day 7 of culture) followed by activation with CD40 antibody and CpG ODN, it was significantly less compared to that observed in DC transduced multiple times. CEA expression in ss AAV-CEA-transduced cells was also significantly less compared to sc rAAV-CEA transduction irrespective of whether DC were transduced once or multiple times.
Affymetrics gene chip analysis was performed to investigate changes in expression of genes pertinent to DC activation and maturation as well as transactivation of the CMV promoter following DC activation with CpG ODN and CD40 antibody. RNA was isolated from rAAV- (Table 1) and genes involved in transcription regulation, cell proliferation and cell cycle control ( Table 2) . Downregulation of genes involved in cytokine signaling, inhibition of transcription regulation and cell proliferation was also observed (Table 3 ). In particular, there was nearly 70-fold downregulation of the inhibitor of DNA binding 3 (Idb3) transcript following DC activation. Idb3 proteins are known to interfere with the binding of transcriptional factors.
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Immunization with sc rAAV6-CEA-transduced DC elicits transgene-specific immune response
As a measure of immunostimulatory potential of sc rAAV6-CEA-transduced DC in vivo, C57BL/6 mice were vaccinated twice with unmodified, rAAV6-b-Gal-(nonspecific vector control) or rAAV6-CEA-transduced and CpG ODN plus CD40 antibody activated DC and studied for CEA-specific antibody responses. ELISA was performed to detect IgG antibodies against CEA. In addition, isotype analysis of IgG1, IgG2a, IgG2b and IgG3 was also carried out for CEA antibodies. As a positive control, serum samples were obtained from C57BL/6 mice immunized intramuscularly with a plasmid vector encoding human CEA, known to elicit a strong humoral response. 22, 24 Results are shown in Figure 6 . Immunization with rAAV6-CEA-transduced DC elicited a significant humoral response to CEA that was comparable to that following immunization with plasmid DNA. There was no CEA-specific IgG antibody detected in naïve mice or mice immunized with control Evidence for CEA-specific cellular immune response was indicated by the induction of Th1-associated cellular response ( Figure 7 ). Production of significant CEA-specific IFN-g by splenocyte cultures from mice immunized with DC, transduced with rAAV-CEA and activated with CpG ODN and CD40 antibody strongly suggests the capacity of rAAV6-CEA as cancer vaccine.
Immunization with sc rAAV6-CEA-transduced DC elicits antibody with neutralizing effects on AAV6 but not AAV2
We also investigated the elicitation of AAV capsidspecific antibodies following immunization with sc rAAV-CEA-transduced DC, and compared this to capsid antibody titers in mice receiving direct intramuscular injections of rAAV6-CEA. As shown in Figure 8 , sc rAAV-CEA-transduced DC immunization appeared to elicit a more rapid and robust immune response to AAV6 capsids as compared to direct injection of rAAV6-CEA into mouse muscles. a Genes listed indicated a minimum of four-fold difference in the expression compared to DC that were transduced with rAAV-CEA but not activated with CpG ODN and CD40 antibody. a Genes listed indicated a minimum of four-fold difference in the expression compared to DC that were transduced with rAAV-CEA but not activated with CpG ODN and CD40 antibody. To determine the neutralizing effects of anti-AAV6 capsid antibody and crossreactivity with serotype 1, 2, 3, 4 and 5 capsids, sera from control and sc rAAV6-CEAtransduced DC vaccinated mice were incubated with rAAV-b-Gal in each of the serotypes and tested for transduction efficiency in human embryonic kidney (HEK) 293 cells. Results shown in Figure 9 indicate that the greatest neutralizing activity was observed for rAAV6 transduction, with approximately 75% inhibition by 1/10 diluted serum. There was also significant inhibitory activity against AAV1, although it was observed only with highest concentration of serum. However, there was no inhibitory activity observed for serotype 2, 3, 4 and 5 transductions.
Discussion
The potential of rAAV vectors for human gene therapy is gaining more attention as evident from the initiation of multiple clinical trials for monogenic diseases. [4] [5] [6] In addition, potential applications of AAV as a vector for immunotherapy of infectious diseases and cancer are being developed. 2, 7, 8, 10, 12 Although most of the preclinical studies and clinical trials so far have utilized serotype 2 AAV vectors, recent studies suggest that alternate serotype vectors with different host cell receptor specificity could have better utility for gene transfer to rAAV2 refractory target cells. [16] [17] [18] [19] One of the cell types that shows poor transduction efficiency for rAAV2 is DC, mouse DC in particular. 14, 15 DC are sentinels of immune system and are the pivotal antigen-presenting cells for regulating humoral and cellular immune responses. 25, 26 Promising results obtained in preclinical studies by ex vivo modification of DC with protein/peptide pulsing and viral vector-mediated gene transfer clearly demonstrate the potential utility of these cells in immunotherapy. 13, 27, 28 Studies with other viral vectors including adenovirus, retrovirus and vaccinia virus have shown transduction of DC and their immunostimulatory potential in vivo, but a major concern is the generation of significant cellular immune response to vector proteins included as part of the transgene cassette, which may compete with the immune response directed against the transgenic protein. 29, 30 rAAV may overcome these limitations due to the absence of vector coding sequences and stable transgene expres- In order to determine the potential of alternate AAV serotype vectors in the transduction of murine bone marrow-derived DC, we tested serotypes 1, 2, 3, 4, 5 and 6 and identified that rAAV vectors encapsidated in serotype 6 capsids show improved transduction of these cells. Based on amino-acid homology among AAV capsids, it is believed that AAV serotype 6 is a product of recombination between serotypes 1 and 2. 31 Interestingly, transduction efficiency of rAAV1 in DC was relatively lesser than that of rAAV6 although higher than rAAV2. The capsid protein of AAV6 and AAV1 serotypes differs only by 6 amino acids. Thus, higher transduction observed with rAAV6 may partially be due to differences in intracellular trafficking during DC differentiation and maturation. High-efficiency transduction of rAAV6 serotype vectors has been recently reported in preclinical mouse models of cystic fibrosis and muscular dystrophy, 32, 33 which is quite distinct from transduction efficiency of serotype 2 vectors. The putative receptor for AAV serotype 6 has not yet been identified. Thus, it remains possible that in addition to an abundance of putative receptor/coreceptor that facilitates enhanced infection by serotype 6 capsids, intracellular events including nuclear transport and uncoating might be mediated by cellular factors other than what has been reported so far for serotype 2 vectors. [34] [35] [36] Since most of the studies to date with rAAV, including our own, utilized AAV2 inverted terminal repeats (ITR) in the vector genome, the observed difference in transduction efficiency between serotype 2 and 6 vectors may not be due to defects in second-strand synthesis or other molecular reorganization events including annealing of 'plus' and 'minus' strands, and DNA concatamerization.
The results of the present study clearly demonstrate that it is possible to achieve significant transduction of mouse bone marrow-derived DC with AAV6, which were refractory to AAV2 transduction. The potential of rAAV6 with genomic organization as a self-complementary structure is clearly evident in the transduction of mouse DC. Recently, it has been demonstrated that when rAAV is packaged using half of the wild-type genomic length, the DNA can be encapsidated as a self-complementary double-strand molecule. 20, 21 Vector genome packaged this way is believed to bypass the requirement sc rAAV6 in transduction of DC WA Aldrich et al for host-dependent leading strand synthesis and thus effect earlier transgene expression as compared to ss vectors. 20, 21 Although gene-modified ex vivo DC therapy is a very promising approach, unlike other ex vivo approaches involving stem cell transduction, DC are short-lived both in culture and upon syngeneic/adoptive transfer in vivo. Thus, it is crucial to achieve optimal antigen expression as soon as possible following vector transduction.
DC must be activated/matured to optimally present antigens. Several molecular activators of DC have been identified. Agonistic anti-CD40 antibody and ligands of TLRs such as ODN containing CpG motifs (TLR9 ligand) are particularly effective and result in DC with potent immunostimulatory activity. 11 We found that activation of DC with anti-CD40 antibody and CpG ODN enhanced the expression on the rAAV encoded transgene. Upregulation of IL-1, IL-6, IL-15, IL-23, TNF receptor family genes, prostaglandin synthase and chemokine ligand 1 (Cxcl1) may reflect activation of the DC upon treatment with CpG ODN plus anti-CD40 antibody. Cytokines such as IL-15 play a central role in DC immunostimulatory activities. 37 Upregulation of transcriptional factors including the kruppel-like factor (Klf1), zinc-finger protein 1 (Zfp1), ribonucleotide reductase (Rrm2b) and interferon consensus sequence binding protein (Icsbp1) may be related to the effect of DC activation on augmentation of the vector-encoded transgene (as shown in Figure 3) . Interestingly, activation with CpG ODN plus CD40 antibody in our study was accompanied by a nearly 70-fold downregulation of the Idb3 transcript. The Idb3 protein is known to play an important role in the control of cell differentiation by interfering with DNA binding of transcription factors. 23 Thus, the dramatic difference in transgene expression following activation of DC by CpG ODN plus CD40 antibody could have partly been due to downregulation of Idb3 in addition to upregulation and nuclear localization of transcription factors that facilitated efficient transgene expression.
DC transduced with sc rAAV6-CEA and activated with CpG plus CD40 antibody ex vivo were active in vivo. Mice immunized with these DC developed both anti-CEA antibody and CEA-specific Th1-associated cellular immune response. The induction of CEA-specific IgG2b antibody and production of IFN-g in splenocyte cultures are suggestive of a Th1 type immune response, which is considered essential for antitumor immunity. Although AAV6 is believed to be a hybrid serotype of AAV1 and AAV2, 31 transduction efficiency of AAV1 and AAV6 has been reported to be much more efficient than AAV2. [16] [17] [18] 31, 33 The results of our neutralizing antibody assays indicate the absence of significant crossreactivity of AAV6 antibodies with serotype 2, 3, 4 and 5 capsids, and measurable crossneutralization of serotype 1 capsid. Thus, future cancer gene therapy approaches may use combinations of AAV serotypes that circumvent crossreactive capsid immunity, either as repeated unimodal or multimodal regimens. Cancer gene therapy approaches such as antiangiogenic therapy, which mandate systemically stable levels of therapeutic factors, may particularly benefit by such combination. Taken together, strategies to enhance transduction and transgene expression of mouse DC with AAV6-based recombinant vector will lead to preclinical validation of ex vivo DC-based vaccination approaches using AAV and may be optimally translated to human clinical trials in future.
Materials and methods
Cell lines and reagents
The HEK293 cells were obtained from American Type Culture Collection and maintained as described previously. 12, 38 Plasmid pSub201, containing the wild-type (wt) AAV2 genome, was a kind gift of Dr Jude Samulski (University of North Carolina, Chapel Hill, NC, USA), and a recombinant helper plasmid containing AAV6 capsid gene was a kind gift of Dr David Russell (University of Washington, Seattle, WA, USA). The construction of recombinant AAV plasmids containing either the b-Gal or the full-length human CEA gene for packaging as a single-stranded DNA has been described. 10 A recombinant AAV plasmid containing CEA for packaging as a double-stranded self-complementary genome was constructed by subcloning a short (70 kDa) version of human CEA 22 in the AAV plasmid pLY4 (kind gift of Dr Arun Srivastava, University of Florida, Gainesville, FL, USA) as described below. Human CEA protein was purchased from either Fitzgerald Industries International Inc. (Concord, MA, USA) or Aspen Bio Inc. (Littleton, CO, USA). Mouse monoclonal antibody COL-1 to human CEA was purchased from NeoMarkers (Freemont, CA, USA) and anti-mouse CD40 antibody was purchased from BD Biosciences Pharmingen (San Diego, CA, USA). FITC-conjugated antibodies for mouse CD11c, CD54, CD80 and CD86 were purchased from BD Pharmingen. Alkaline phosphatase (AP)-conjugated goat anti-mouse IgG and IgG subtypes (IgG1, IgG2a, IgG2b and IgG3) secondary antibodies were purchased from Southern Biotechnology Assoc. (Birmingham, AL, USA), and AP substrate was from Sigma Chemical Co. (St Louis, MO, USA). CpG ODN were purchased from Sigma.
Construction, packaging and purification of rAAV in serotype 6 capsids
The construction of rAAV containing human CEA as single-stranded genome (ss) has been described. 10 A recombinant AAV plasmid containing the same transgene for packaging as self-complementary structure (sc) was constructed using the plasmid pLY-4 in which the 'D' and terminal resolution site (TRS) sequences at the 5 0 end of the genome were deleted. Packaging and purification of rAAV were carried out by helper virusfree transient transfection. Vented-cap roller bottles (850 cm 2 ; Corning, New York, NY, USA) were seeded with 1.8 Â 10 7 HEK293 cells in 140 ml Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). The cultures were incubated at 371C with 5% CO 2 and rotated at 0.2 rounds per min for 3 days before transfection. For each roller bottle, 10 ml of 300 mM CaCl 2 containing 100 mg each of the pAAV-CEA vector plasmid and the two helper plasmids (pladeno5 and pHLP6) was rapidly mixed with 10 ml of 2 Â HBS (HEPES-buffered saline; 50 mM HEPES (N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid), 280 mM NaCl, 1.5 mM NaH 2 PO 4 , pH 7.1) and added to the roller bottle within 10 min. After 6 h transfection, the medium was replaced with 100 ml of serum-free DMEM and cultures were incubated for 72 h. Vector-containing cells were dislodged from the sides of the roller bottles by gentle swirling and pelleted by centrifugation at 1000 g , and the supernatant was digested with benzonase (100 U/ml) for 1 h at 371C. Vector particles were then precipitated for 2 h at 01C with 8% polyethylene glycol 8000 (in 650 mM NaCl) and collected by centrifugation (2000 g, 30 min, 01C). The pellet was completely dissolved in 50 mM HEPES, 150 mM NaCl, 20 mM ethylenediaminetetraacetic acid (EDTA) and 1% SArcosyl, pH 8.0, containing 10 mg/ml RNase A (2 ml per roller bottle) and then applied to a CsCl step gradient consisting of 5 ml of 1.5 g CsCl/ml for the bottom layer and 10 ml of 1.3 g CsCl/ml for the middle layer; 22 ml of sample was used (in 25 Â 89 mm polyallomer tubes, spun in an SW28 rotor at 28 000 r.p.m. for 17 h at 201C). The lower full capsid band was identified visually and collected with an 18-gauge hypodermic needle and a 10 ml syringe through the side of the tube. The vector-containing solution was again centrifuged on a linear CsCl gradient (14 Â 95 mm polyallomer tubes, spun in an SW40 rotor at 38k r.p.m. for 24 h at 201C). The full capsid band was collected with a hypodermic needle, dialyzed against phosphatebuffered saline (PBS) containing 5% sorbitol and 0.1% Tween 80, pH 7.4, and stored frozen at À801C. Vector genome titers were determined by quantitative real-time PCR and slot blot analyses as described.
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Isolation of mouse bone marrow cells and DC culture
Isolation of mouse bone marrow precursors and generation of bone marrow-derived DC were performed by a modified method of Inaba et al. 39 Briefly, bone marrow single-cell suspensions obtained from C57BL/6 mice were depleted of red cells by hypotonic lysis. To generate DC, the precursors were cultured in RPMI-1640 plus 10% FCS, 100 ng/ml recombinant mouse IL-4 (Peprotech, Rocky Hill, NJ, USA) and 20 ng/ml recombinant mouse GM-CSF (Peprotech), in 12-well tissue culture dishes (Corning) at a density of 200 000 cells/well.
Recombinant AAV transduction and DC maturation
Transduction of bone marrow cells cultured in the presence of IL-4 and GM-CSF was performed on days 2, 4 and 7. Prior to transduction at each time point, medium was collected by gentle aspiration leaving the adherent cells intact. The loose cells in the supernatant were collected by brief centrifugation. After washing once with Opti-MEMI medium (Gibco-BRL), the nonadherent cells were added to respective adherent population. Infection of rAAV was performed in 150 ml of Opti-MEMI for 2 h at 371C after which 2 ml of complete medium with cytokines was added and the cells cultured further. On day 8, some cultures received 1 mM CpG ODN and 1 mg/ml anti-mouse CD40 antibody. After 24 h, DC were harvested as the nonadherent and loosely adherent cells and used in studies described below.
Immunocytochemistry DC were washed three times in PBS and approximately 50 000 cells from each treatment were deposited on microscopic slides by cytospin and air-dried. Cells were fixed in 10% buffered formaldehyde for 30 min at room temperature and washed in PBS. Immunostaining of the cells was performed by incubating with biotin-labeled human CEA monoclonal antibody COL-1 at a concentration of 1 mg/ml in PBS containing 1% goat serum for 20 min at room temperature. A control slide was incubated in PBS containing 1% goat serum without COL-1. Following incubation, slides were washed three times with PBS and incubated with peroxidase-labeled streptavidin (BioGenex) for 20 min. Slides were again washed five times with PBS and color development was accomplished by incubation with DAB substrate solution (BioGenex) for 15 min. Slides were washed with distilled water and minimally counterstained with hematoxylin before mounting. CEA expression was analyzed on a Olympus microscope and images photographed. To determine b-Gal expression, 150 mg/ml X-gal was directly added to the cultures and positive cells were visualized by microscopy.
Flow cytometry
DC were analyzed by fluorescence flow cytometry to determine phenotype and purity using FITC-conjugated monoclonal antibodies specific for mouse CD11c, CD54, CD80 and CD86. A total of 100 000 cells were incubated with antibodies at the concentrations recommended by the manufacturers plus 10 mg/ml of aggregated IgG to block Fc receptors, in PBS containing 1% bovine serum albumin (BSA), on ice for 30 min. Cells were washed once with 10 volumes of PBS+1% BSA and resuspended in PBS+1% paraformaldehyde prior to analysis. All analyses included unstained DC and DC stained with an irrelevant isotype-matched FITC-labeled antibody. Analyses were performed in the Flow Cytometry Core Facility of the UAB Center for AIDS Research.
Real-time PCR for vector genome
Total DNA was isolated from DC following rAAV transduction as described. 12 Quantitative real-time PCR was carried out using CMV promoter-specific primers in a Biorad Icycler (Optical Module). Reactions were performed using the LightCycler-FastStart DNA Master SYBR Green system (Roche Molecular Biochemicals, Mannheim, Germany) in a final volume of 25 ml, consisting of 0.5 ml of each primer (0.5 pM), 12.5 ml of 2 Â supermix containing reaction buffer, Fast-start Tag DNA double strand-specified SYBR Green I dye, 5.5 ml H 2 O and 5 ml (0.5 mg) of template DNA. The following primers were used for amplification of vector-specific sequences and endogenous mouse GAPDH gene: CMV promoter forward: 5 0 -CAATGGGTGGAGTATTTACGG-3 0 , CMV reverse: 5 0 -GTCAATAGGGGGCGGACT-3 0 ; GAPDH forward: 5 0 -CCCACTCTTCCACCTTC GATGC-3 0 , GAPDH reverse: 5 0 -GAGGTCCACCACCCTGTTGCTGT-3 0 . PCR was performed with a 3 min preincubation at 951C followed by 45 cycles of 15 s denaturation at 951C, and 30 s annealing and extension at 571C. PCR products were subjected to melting curve analysis using the light cycler system to exclude amplification of nonspecific products. Values obtained from amplification of vector-specific sc rAAV6 in transduction of DC WA Aldrich et al sequences from each sample were normalized to copy number of GAPDH gene amplification from the same sample to derive the relative vector copy number per cell.
Microarray analysis
Total RNA was isolated from DC cultures using the TRIzol reagent (Gibco, BRL). Preparation of cRNA, hybridization and scanning of the microarrays were performed according to the manufacturer's protocol (Affymetrix, Santa Clara, CA, USA). Briefly, 12-15 mg of RNA was converted to double-stranded cDNA by reverse transcription using a cDNA synthesis kit with oligo-dT primer containing a T7 RNA polymerase promoter site added 3 0 of poly(T). After second-strand synthesis, labeled cRNAs were generated from the cDNA sample by in vitro transcription reaction supplemented with the RNA transcription labeling kit. The labeled cRNA was purified using RNeasy spin columns and denatured at 941C before hybridization. Labeled cRNA was hybridized to the Affymetrix Mouse 430 2.0 array while rotating at 60 r.p.m. for 16 h at 451C. After hybridization, the microarray was washed using the Affymetrix Fluidics Station in buffer containing biotinylated anti-streptavidin-PE for 10 min at 251C. Subsequently, the microarray was washed, restained with streptavidin-PE and washed again before measuring fluorescence at 570 nm in an Affymetrix scanner. Data were normalized by global scaling using the Affymetrix software. The microarray analysis was performed in UAB Comprehensive Cancer Center Gene Expression Facility.
In vivo studies
Mice were vaccinated subcutaneously with 100 000 DC, which were mock-transduced or transduced with rAAV6-b-Gal or CEA, for a total of two injections with an interval of 2 weeks. Harvested DC were resuspended in a volume of 200 ml Opti-MEMI and 100 ml was injected bilaterally in the subinguinal area. Blood samples were collected 2 weeks after the second vaccination.
ELISA
Serum antibody titers against human CEA and AAV6 capsid were determined by ELISA. Briefly, for CEA antibody, 96-well EIA plates (Costar 3590) were coated with human CEA protein (Fitzgerld) at a concentration of 1 mg/ml in borate saline (BS), pH 8.4, for 4 h at room temperature, and then blocked for 90 min with BS plus 1% (w/v) BSA (BS-BSA). Serial three-fold dilutions of mouse serum in BS-BSA (1:50-1:109 350) were added to duplicate wells and incubated overnight at 41C. Plates were washed with PBS+0.05% (v/v) Tween 20 (PBST) and incubated with either AP-conjugated goat antimouse IgG or anti-IgM diluted 1:2000 in BS-BSA for 4 h at room temperature. After washing, AP substrate in diethanolamine buffer, pH 9.0, was added and incubated for 20 min at room temperature. Absorbance was measured at 405 nm on a VersaMax microplate reader using SoftMax Pro software (Molecular Devices, Sunnyvale, CA, USA). Absorbance on CEA-coated plates was corrected for absorbance on parallel plates coated with ovalbumin (Sigma). COL-1 mouse monoclonal g2a antibody to CEA (Neomarkers, Freemont, CA, USA) was used as a positive control. To determine the IgG subtypes, AP-conjugated goat anti-mouse IgG1, IgG2a, IgG2b or IgG3 secondary antibodies were used in separate ELISA.
An ELISA for determining antibody to AAV6 capsids was developed in our laboratory. Briefly, 5 Â 10 8 particles of AAV6 per well in 100 ml of BS were coated onto EIA plates overnight at 41C. Plates were blocked with BS-BSA for 90 min, washed and serial three-fold dilutions of mouse sera diluted in BS-BSA were added and incubated at room temperature for 6 h. Plates were washed five times with PBST, and APconjugated goat anti-mouse IgG was added and incubated overnight at 41C. Finally, plates were washed five times in PBST and AP substrate was added. Substrate reaction was stopped after 20 min at room temperature and the OD at 405 nm was measured in the ELISA plate reader as above.
Cytokine release assay for cellular immune response
Single-cell suspensions of splenocytes were prepared by mincing and forcing mouse spleen tissue through a 100 mm sterile nylon strainer (Falcon 35-2360) in PBS. Erythrocytes were removed by hypotonic lysis and cells cultured in RPMI-1640 medium+10% FCS, 4 mM L-glutamine and 12.5 mM b-mercaptoethanol at 1 Â 10 5 cells/well in round-bottom 96-well plates (Linbro 75-042-05). Cells were cultured in the presence of 50 mg/ ml purified human CEA (Aspen Bio, Castle Rock, CO, USA) or as negative controls, media alone or 50 mg/ml ovalbumin. After 3 days, culture supernatants were collected and assayed for mouse IFN-g using ELISA kits (Biosource International, Camarillo, CA, USA) according to the manufacturer's instructions. 10 
Neutralizing antibody assay
Serum samples obtained from groups of mice 15 days after final DC vaccination were pooled and diluted with PBS. Then, 10-fold dilutions of the pooled sera were incubated with 5 Â 10 8 particles of rAAV-b-Gal (serotypes 1-6) at room temperature for 30 min, following which the mixture was used to infect HEK293 cells in 24-well plates for 45 min at 371C. The infection medium was removed and cells were washed four times with PBS and cultured in complete medium for 48 h. Cultures were lysed, and b-Gal enzymatic activity was determined by a colorimetric method. Each assay was performed in duplicate. The values were presented as percentage of b-Gal activity compared to transduction of an equal amount of virus without preincubation.
